Background: Reduced brain insulin signaling and low CSF-to-plasma insulin ratios have been ob-
Insulin, a highly conserved peptide whose function was once narrowly defined as the promotion of glucose turnover in skeletal muscle, has now emerged as a key neuromodulator in the CNS. Evidence has been established for its participation in neuronal maintenance, energy metabolism, neurogenesis, and neurotransmitter regulation. 1 Insulin also affects functional processes such as neuronal firing and long-term potentiation that un-derlie memory and other cognitive activity. 1 Given this multiplicity of actions, it is not surprising that dysregulation of insulin can compromise brain function, and has been observed in patients with neurodegenerative disorders such as Alzheimer disease (AD). 2 Reduced levels of insulin and its signaling molecules have been noted in the CSF and brain of patients with AD. 3, 4 Peripheral hyperinsulinemia and experimentally reduced insulin signaling also increase levels of amyloid (A␤) and tau hyperphosphorylation, processes that contribute to the formation of senile plaques and neurofibrillary tangles. 5, 6 The identification of reduced brain insulin signaling in AD has important therapeutic implications. Given insulin's salutary effects on cognition and its modulation of AD pathophysiology, normalizing insulin availability to the brain may have beneficial effects. Raising insulin in the periphery is not likely to be an effective long-term strategy to accomplish this goal; chronic insulin elevations may have undesirable metabolic consequences such as induction of hypoglycemia and insulin resistance. Furthermore, patients with AD often have concomitant insulin resistance, which causes a reduction in insulin transport capacity across the blood-brain barrier that might prevent adequate levels from reaching CNS targets. 7 With intranasal administration, insulin-like peptides bypass the periphery and the blood-brain barrier, reaching the brain and CSF within minutes via extracellular bulk flow transport along olfactory and trigeminal perivascular channels, as well as through more traditional axonal transport pathways. 8, 9 In the present study, we used a randomized, placebocontrolled design to determine if 21 days of intranasal insulin treatment would enhance cognition and daily function in patients with early AD or amnestic mild cognitive impairment (MCI).
We also investigated the effects of intranasal insulin on plasma levels of the ␤-amyloid peptide (A␤), based on previous work showing that raising plasma insulin reduces plasma levels of the longer specie (A␤42) for normal adults, but not for patients with AD. 10 Although the role and significance of plasma A␤ is not wellunderstood, longitudinal studies have documented higher plasma A␤42 levels at prodromal or early stages of AD. 11 One mechanism through which intranasal insulin may affect A␤ is through its effects on glucocorticoids, which regulate the amyloid precursor protein (APP) and ␤-APP cleaving enzyme. 12 A previous study reported that 8 weeks of intranasal insulin treatment reduced plasma cortisol levels in young adults. 9 We therefore measured plasma cortisol levels prior to and following the 21-day treatment period.
Results from our pilot clinical trial suggest that intranasal insulin treatment improves cognition and modulates plasma A␤ and cortisol levels, thereby providing a clear rationale for further large-scale investigation of this novel therapeutic approach.
METHODS Subjects. This study was approved by the Human Subjects Review Committee of the University of Washington, and conducted in the Clinical Research Center of the VA Puget Sound. Written informed consent was obtained from all subjects and the legal representatives of patients with AD. The trial was not registered with ClinicalTrials.gov because it was a preliminary single-site trial of limited duration and enrollment. Eligibility screening and enrollment occurred from August 2005 through May 2006, and relevant data regarding study flow are provided in figure 1. Enrolled participants included 25 adults with AD (National Institute of Neurological and Communicative Disorders and Stroke-Alzheimer's Disease and Related Disorders Association criteria; n ϭ 11) or MCI with amnestic features (n ϭ 14), a disorder widely believed to represent a prodromal stage of AD in the vast majority of cases. 13 Sample size was determined based on previous studies of the effects of insulin on memory.
14 Diagnoses and study eligibility were determined by neurologist, psychiatrist, and neuropsychologist consensus following cognitive testing, medical history, physical examination, electrocardiogram, and clinical laboratory screening as previously described. 15 All subjects were free from psychiatric disorders, alcoholism, severe head trauma, hypoxia, neurologic disorders other than AD, renal or hepatic disease, diabetes, chronic obstructive pulmonary disease, congestive heart failure, or cardiac arrhythmias. Participants were randomly assigned using a random numbers table to receive insulin (n ϭ 13) or placebo (n ϭ 12). Treatment assignments and preparation of insulin or saline vials was carried out by a research nurse who was not involved in data collection. All study personnel involved in data collection were blinded to treatment assignment. Treatment groups were comparable in terms of age, education, body mass index, or dementia severity as assessed by the Mattis Dementia Rating Scale (table). One member of the placebo group moved during the study and discontinued participation.
Procedure. Saline or insulin (Novolin R, Novo Nordisk) was administered under the supervision of the participants' caregiver with a ViaNase Electronic Atomizer (Bothell, WA). The ViaNase device has been specifically designed to deliver drugs to the olfactory region to maximize drug transport to the CNS. This device releases a metered insulin (20 IU) or saline dose into a chamber covering the subject's nose, which then was inhaled by breathing evenly over a 2-minute period. This method allowed administration of smaller particle sizes to increase drug deposition in the upper nasal cavity without transporting the drug to the lungs. 16 A total volume of 2 mL was administered each time. Participants and their caregivers received 2 hours of training in use of the ViaNase device. All participants and caregivers were deemed proficient in the use and maintenance of the device. Intranasal treatment was administered twice daily, immediately after breakfast and dinner in the participant's home, under the supervision of the caregiver, for 21 days. This time period approximated that used in a study of healthy young adults, 9 but was shortened slightly to minimize the possibility of adverse reactions in an older, neurologically compromised sample.
Cognitive tests. Different but comparable versions of cognitive tests were administered prior to and following 21 days of treatment. The primary outcome measure was a sensitive measure of memory, story recall, for which subjects listened to a story containing 44 informational bits. Subjects were asked to recall the story immediately and after a 20-minute delay. Credit was awarded for each bit recalled verbatim or accurately paraphrased. The amount of information re-
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Study screening and enrollment flow tained over the delay was calculated as immediate recall/ delayed recall, and is a sensitive measure of early memory impairment in mild AD. 17 Secondary measures included a frontal-executive test of selective attention and response inhibition (Stroop Color-Word Interference Task). This test included two types of trial blocks. 18 For both types of trials, color names were presented one at a time, via computer equipped with a voice key, with concordant or discordant font colors (e.g., the word "red" presented in red or green font). At the beginning of each trial, an instruction screen was presented to remind the participant to "NAME THE INK COLOR." Practice trials were administered to ensure the participant understood the task. Participants' vocalized responses terminated each trial and initiated the next. Errors, response content, and voice onset time were recorded. The mean voice onset time for discordant trials was designated as a secondary measure. Separate analyses were conducted with correct trials and with all trials, and produced identical results. As an additional secondary measure, participants' caregivers also completed the Dementia Severity Rating Scale (DSRS) at baseline and at the end of the study, in which they rated change in the participant's cognitive, social, and functional status over a specified period of time. The DSRS includes items relating to memory, orientation, judgment, social interactions, home activities, personal care, speech/language, and recognition of others. 19 Higher scores indicate greater impairment.
Blood collection.
Blood was collected at baseline and after 21 days of treatment from fasting participants for analysis of biochemical secondary outcome measures: glucose, insulin, glucocorticoids, and plasma A␤. Given that patients with AD show greater differences in plasma A␤ following nutrient and plasma insulin administration, we measured A␤ 90 minutes following a standard balanced meal. Samples were immediately placed on ice and spun at 2,200 rpm in a cold centrifuge for 15 minutes, after which plasma, serum, lymphocytes, and red blood cells were aliquoted into separate storage tubes and flash frozen at Ϫ70°C. ␤-Amyloid. To investigate the effects of daily intranasal insulin administration on plasma A␤ levels, we measured A␤40 and A␤42 levels after overnight fasting and 90 minutes later, following a standard balanced meal, at baseline and day 21. Plasma A␤40 and 42 levels were quantified with a sandwich ELISA using 6E10 (Signet Laboratories, Dedham, MA), a mouse monoclonal antibody to amino acids 3-8 of A␤, for capture and biotinylated rabbit polyclonal antibodies specific for the C-terminal of A␤40 or 42 (Signet Laboratories) for detection. Nunc Maxisorp plates were coated using 2 g of 6E10 per well in 0.05 M carbonate buffer, pH 9.6, overnight at 4°C. Plates were then blocked with 1% bovine serum albumin (BSA) for 1 hour shaking at room temperature. Synthetic A␤40 or 42 (Bachem, Torrance, CA) was diluted in 1 mg/mL in 70% formic acid, then diluted in 0.5% BSA, 0.05% Tween-20, 1% Triton-X 100 in phosphate buffered saline (PBS), pH 7.4, to concentrations of 15.6 pg/mL to 2,000 pg/mL for the standard curve. Tween-20 and Triton-X 100 were added to plasma samples to a final concentration of 0.05% and 1%. Addition of the detergents to the plasma increased the recovery of A␤ from the plasma. Complete protease inhibitor cocktail (Roche Applied Science, Indianapolis, IN) were added to both standards and samples. Following blocking, samples and standards were added to the plate (100 L per well), covered, and incubated overnight shaking at 4°C. The plate was washed and 100 L of 1 g/mL biotinylated A␤40 or 42 specific antibodies were added and incubated for 1 hour shaking at room temperature. Following another wash, bound antibody was detected using a streptavidin/horseradish peroxidase conjugate and tetramethylbenzidine as a substrate. The limit of detection for this assay is 15 pg/mL and no cross-detection of A␤40 or 42 with anti-A␤ 42 or anti-A␤ 40 is seen at concentrations as high as 3 ng/ mL. All samples from the same subject, and equal numbers of subjects from each treatment group, were analyzed on the same ELISA plate to reduce the contribution of plate to plate variability to any observed differences. Assignment of samples to plates was arranged by a technician who was not associated with the study and was not involved in sample analysis. The coefficient of variation for the plasma A␤ assay was 12%. As a quality control measure, we included both a stock pooled plasma standard on each plate and a pooled plasma standard to which a known amount of A␤ peptide had been added. The data from any plates for which the values of the plasma standards are more than 10% from the mean established by previous experiments were discarded and the samples reanalyzed. Additionally, plasma A␤ values were determined by the average of two independent analyses performed on different days to reduce the contribution of plate-toplate variation to the overall values.
Hormone assays. Neuroendocrine markers were measured with radioimmunoassays (RIAs) as described previously. 15 Cortisol binding globulin (CBG) levels were measured in order to calculate free cortisol levels, given that approximately 95% of circulating cortisol is bound to CBG, and only the remaining 5% of free cortisol is biologically active. 20 Due to limited availability of the supplies needed to make these measurements, blood from a random sample of participants from each of the two treatment groups was subjected to analysis (insulin n ϭ 10, placebo n ϭ 5).
Statistical analysis.
Only one participant discontinued the trial and was lost to follow-up due to moving out of state; thus analyses were conducted with trial completers. The primary outcome measure (memory savings score ϭ delayed recall/immediate recall) and secondary outcome measures (Stroop voice onset times and errors for concordant and discordant trials, and DSRS scores) were each subjected to a repeated measures analysis of variance with treatment assignment as the between subjects factor, and phase of treatment (baseline vs end) as the within subjects factor. Covariates for all analyses included age, education, Mattis score, and an index of insulin resistance (difference in insulin values obtained at the 90-minute timepoint following standard meal ingestion on day 1 and day 21). Nonsignificant covariates were dropped from the model. Interactions with covariates were examined in exploratory analyses with Pearson correlation. Effect sizes were estimated using Cohen's f 2 , in which 0.02, 0.15, and 0.35 represent small, medium, and large effects. 21 There were very few missing data points (Ͻ2% overall, with only one point missing for the primary outcome measure). Missing data were replaced using a conservative, last observation carried forward approach; thus practically, because the study design involved two measurements (baseline and posttreatment), when post-treatment scores were missing they were replaced with the subject's baseline values. There was no instance in which post-treatment values existed but baseline values were missing. If both baseline and post-treatment values were missing, as was the case for some biochemical assays due to difficulty with venous access, and for three participants who were unable to comprehend/complete the computerized Stroop test, the participant was dropped from analysis.
RESULTS Intranasal insulin reduced postprandial plasma insulin levels. Baseline fasting plasma glucose and insulin values did not differ between insulin-treated and placebo-assigned groups, and no change in either parameter was observed after 21 days of treatment ( Exploratory ancillary analysis revealed that insulin-treated participants with more severe impairment at baseline were rated by their caregivers as showing greater functional improvement ( figure 3A ; r ϭ Ϫ0.66, p ϭ 0.0196), whereas no functional changes were observed by caregivers of placebo-assigned participants ( figure 3B ; r ϭ 0.31, p ϭ 0.3475).
Intranasal insulin modulated plasma ␤-amyloid levels. Fasting A␤40 levels increased over the 21-day period for insulin-treated adults, whereas placeboassigned subjects showed a slight insignificant decline [ figure 4A ; effect size f 2 ϭ 0.28], reflecting increased A␤40 levels relative to A␤42.
We next examined whether intranasal insulin treatment influenced A␤ levels obtained 90 minutes following a standard meal. Postprandial A␤40 levels were unaffected by insulin treatment ( figure 4D ; p ϭ 0.2076). Day 21 postprandial A␤42 levels were lower relative to baseline for the insulin-treated group, but not the placebo assigned group [ figure 4E; F(1,22) figure 4F; F(1,20) No changes were observed for the placebo-assigned group (p ϭ 0.3947). For insulin-treated patients, the degree of change in cortisol was correlated with changes in fasting A␤40 levels; subjects with greater reductions in cortisol levels had greater increases in A␤40 levels (r ϭ Ϫ0.71, p ϭ 0.0215). No association was observed between cortisol and A␤42, or with postprandial A␤ levels.
Safety.
No serious adverse events occurred. In general, intranasal insulin treatment was well tolerated, with only minor adverse events: headache (1 insulin), nasal dripping (2 placebo, 1 insulin), weakness (1 insulin), sneezing (1 placebo), blood glucose between 60 and 70 mg/dL (1 insulin).
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Mean plasma A␤ levels (SEM) at baseline (day 0) and at the end of treatment (day 21) for placeboassigned and insulin-treated groups DISCUSSION Intranasal insulin benefited patients with early AD, improving cognition and modulating peripheral markers of disease pathology. Insulin in the CNS affects several physiologic processes related to memory, such as hippocampal firing rate, components of the long term potentiation cascade, hippocampal glucose metabolism, and modulation of acetylcholine levels. 1 Any one or more of these effects may have contributed to our finding that insulin treatment improved retention of new information after a delay, a function that is impaired at the earliest stages of AD. Insulin treatment also improved participants' ability to selectively attend to a designated feature and inhibit a prepotent response, a cognitive operation modulated by noradrenergic input to frontal regions. 23 This finding is consistent with our previous report that raising insulin in CNS through IV administration increased norepinephrine levels in CSF in older adults. 15 Additionally, intranasal insulin treatment improved caregivers' impression of functional status for patients with more severe (albeit still early stage) dementia. This relationship may reflect the relatively preserved functional abilities of the participants who were diagnosed with amnestic MCI. Such patients may require longer treatment periods in order to produce detectable functional changes, or assessment with a more sensitive measure to detect subtle changes in functional abilities.
Our findings are consistent with previous work suggesting that raising CNS insulin levels indirectly via IV infusion or directly via single acute intranasal administration enhances memory in AD. 3, 24 Our study extends these findings and demonstrates that short-term, daily intranasal insulin administration enhances memory and selective attention. One limitation of our study is the possibility that improvement observed on day 21 might be an effect of the previous day's insulin administration, or even represent a decline over some hypothetical early effect of insulin. Given that testing occurred 12 to 16 hours following the previous day's insulin dose, memory improvement could not be due to a direct acute effect of insulin. However, future studies of longer term administration with repeated testing points are needed to conclusively demonstrate cumulative effects of treatment. A second limitation of our study is that only participants with mild AD or MCI were included. Thus the generalizability of our results to patients with more severe disease is unknown.
As previously reported, fasting insulin levels were unchanged with intranasal insulin administration. In contrast, insulin treatment decreased postprandial plasma insulin levels. This possibility has not been examined in previous human studies, which have focused primarily on fasting parameters. Our findings are consistent, however, with studies demonstrating that enhanced CNS insulin signaling reduces plasma insulin and improves peripheral insulin sensitivity in animal models of insulin resistance. 25 Theoretically, peripheral hyperinsulinemia may be a compensatory response to the reduced CNS signaling that accompanies insulin resistance, and thus correcting brain insulin signaling defects may eliminate the need for this compensatory response.
Insulin treatment also modulated plasma A␤ levels. Although the role of peripheral A␤ in disease pathophysiology is unclear, higher plasma A␤42 and lower A␤40/42 ratios have been associated with increased risk of AD. 11 Age at onset of familial AD is correlated with increased plasma A␤42 and decreased A␤40. 26 The ratio of A␤40 to A␤42 has also recently been proposed as an important index of AD pathology, with lower values indicating greater pathology, and higher values indicating less pathology. For example, ADinducing presenilin mutations are associated with a decreased A␤40/42 ratio, which is driven by higher A␤42, lower A␤40, or both, depending on the specific mutation. 27 In the present study, intranasal insulin administration increased fasting and postprandial A␤40/42 ratios, but accomplished this effect through different mechanisms. Fasting A␤40 levels increased for insulin-treated adults, whereas A␤42 levels were unchanged. Lowered glucocorticoid levels may constitute one mechanism through which insulin treatment modulates plasma A␤, given that fasting A␤40 elevations correlated with changes in plasma cortisol over the 21-day treatment period. Intranasally administered insulin is thought to reduce glucocorticoid levels as a result of improving hippocampal inhibition of the hypothalamic-pituitary-adrenal axis. 9 Glucocorticoids influence A␤ production via effects on levels and cleavage of the amyloid precursor protein. Increasing glucocorticoids to stress levels in an AD mouse model raised brain A␤ 12 ; however, both A␤40 and A␤42 were affected, in contrast to the present results, suggesting that insulin may invoke additional mechanisms. Similarly, long-term glucocorticoid administration increased brain A␤42 levels and reduced fasting plasma A␤42 in aged macaques, but did not affect A␤40. 28 Given that both studies involved supraphysiologic doses of glucocorticoids, their relevance to our findings is un-clear; however, they serve to illustrate that modulation of glucocorticoids can affect A␤ levels in plasma and brain.
In contrast to changes observed for participants while fasting, intranasal insulin administration decreased A␤42 levels measured 90 minutes following a standard balanced meal, and thereby reduced the A␤40/42 ratio. This effect may reflect a "normalization" of the action of postprandial elevations of peripheral insulin; in previous work, raising peripheral insulin to normal postprandial levels reduced plasma A␤42 levels for normal adults, but not for patients with AD. 10 Although our results raise interesting questions about the influence of CNS insulin on peripheral A␤ and insulin regulation, the significance of these observations and their underlying mechanisms are unclear at the present time.
Intranasal drug delivery is a potentially powerful therapeutic tool that allows large molecules to bypass the blood-brain barrier and directly access the CNS. Our results provide the first evidence of cognitive improvement following daily intranasal peptide administration for patients with early AD, and may serve as an impetus for a panoply of future efforts with insulin and other promising therapeutic agents. Our results also support brain insulin signaling as a promising target in the search for new therapeutic avenues in AD.
